ABSTRACT: The photoinduced vapor-phase decomposition of methyl formate was investigated on pure and on Pt-metals-promoted TiO 2 . Infrared spectroscopic studies revealed that illumination induced the dissociation of molecularly adsorbed methyl formate to formate on pure TiO 2 even at ∼186 K. This process is indicated by the appearance of the absorption band at 1580−1590 cm −1 due to asymmetric stretch of formate species. The extent of the dissociation is increased with the time of irradiation. Deposition of Pt metals on TiO 2 only slightly influenced this process. The photocatalytic decomposition of methyl formate vapor on pure TiO 2 occurred to only a limited extent at 300 K, but the deposition of Pt metals on TiO 2 appreciably enhanced the extent and the rate of photodecomposition. Nevertheless the photocatalytic reaction of methyl formate proceeded more slowly compared to that of formic acid on the same catalysts, and produced more CO. Addition of H 2 O to the methyl formate decreased the CO/H 2 ratio by a factor of 4. When the bandgap of TiO 2 support was lowered by N-doping from 3.02 to 1.98 eV, the photocatalytic activity of metal/TiO 2 catalysts appreciably increased, and the decomposition of methyl formate was observed even in visible light.
INTRODUCTION
A great effort has been made in the past decade to produce H 2 possibly free of CO. As a source of H 2 the most suitable compounds are ethanol, methanol, dimethyl ether, and formic acid. 1−3 Although supported metals are active catalysts for the decomposition of these materials, the reactions with acceptable rates proceed only at higher temperatures. 4−6 Another feature is that CO is also produced in a large quantity; its partial or complete elimination requires the presence of a great amount of H 2 O. The catalytic decomposition of formic acid represents an exception, as CO is formed only in very small quantities. 7−11 By means of photolysis the decomposition of the above compounds occurs even at room temperature. 12−15 In the case of the photocatalytic decomposition of formic acid over Au and Pt metals deposited on TiO 2 the formation of CO was completely absent. 16, 17 An interesting feature of the photocatalytic reactions of alcohols is that beside H 2 , CO, and CO 2 some other undesired compounds are also formed. In the case of ethanol acetaldehyde is produced, whereas in the photodecomposition and oxidation of methanol a significant amount of methyl formate (MF) was found.
18−24 On TiO 2 -supported Pt metals the selectivity of MF fell in the range of 83.1−90.4% and the yields of MF varied between 26.0 and 62.2%. 23 It appears that, due to the effect of illumination, methanol has a very high tendency to be converted into methyl formate. This was welldemonstrated by the results obtained under ultrahigh-vacuum conditions on the TiO 2 (110) surface, when the formation of methyl formate was identified even at 200 K. 25, 26 The generation of MF was described by the transient formation of CH 3 O, HCOH, and HCO surface complexes. Methyl formate has been considered as a precursor in the synthesis of formamide, dimethyl formamide, acetic acid, propionic acid, cyanhydric acid, and several other materials; 27 therefore, its efficient production represents technological importance. Methyl formate is mainly synthesized by dehydrogenation of methanol over Cu-based catalyst at higher temperatures. 27 In order to know more about the reactivity of MF in the present work, we examine its photocatalytic decomposition over TiO 2 and Pt metals supported by TiO 2 . Attempts will be made to decompose methyl formate in visible light using catalysts of smaller bandgap.
EXPERIMENTAL SECTION
2.1. Materials. Metal-promoted TiO 2 samples were prepared by impregnating TiO 2 (Hombikat) with the solution of metal compounds to yield a nominal 2 wt % metal. The following compounds of Pt metals were used: H 2 PtCl 6 ·6H 2 O, Pd(NO 3 ) 2 , RhCl 3 ·3H 2 O, H 2 IrCl 6 , and RuCl 3 ·3H 2 O. The suspension was dried at 373 K and annealed at 573 K for 1 h. A N-modified TiO 2 sample (named "SX") was also produced following the description of Xu et al. 28 Titanium tetrachloride was used as a precursor. After several steps the NH 3 -treated TiO 2 slurry was vacuum-dried at 353 K for 12 h, followed by calcination at 723 K in flowing air for 3 h. For IR studies the dried samples were pressed in self-supporting wafers (30 × 10 mm, ∼10 mg/cm 2 ). For photocatalytic measurements the sample (70−80 mg) was sprayed onto the outer side of the inner quartz tube from aqueous suspension. The surface of the catalyst film was 168 cm 2 . The catalysts were oxidized at 573 K and reduced at 573 K in the IR cell or in the catalytic reactor for 1 h. MF was the product of Alfa Aesar, which was stabilized by 3% methanol.
2.2. Methods. For FTIR studies a mobile IR cell housed in a metal chamber was used. The sample can be heated and cooled by 150 K. The IR cell can be evacuated to 10 −5 Torr using a turbo molecular pumping system. The samples were illuminated by the full arc of a Hg lamp (LPS-220, PTI) outside the IR sample compartment. The IR range of the light was filtered by a quartz tube (10 cm length) filled with triply distilled water applied at the exit of the lamp. The filtered light passed through a high-purity CaF 2 window into the cell. The light of the lamp was focused onto the sample. The output produced by this setting was 300 mW cm −2 at a focus of 35 cm. The maximum photon energy at the sample is ca. 5.4 eV. After illumination, the IR cell was moved to its regular position in the IR beam. Infrared spectra were recorded with a Biorad (Digilab Division FTS 155) instrument with a wavenumber accuracy of
. All of the spectra presented in this study are difference spectra.
For the determination of the bandgap of the solids, diffuse reflectance spectra of TiO 2 samples were obtained using an UV/vis spectro-photometer (Ocean Optics, type USB2000) equipped with a diffuse reflectance accessory. 16, 29 The surface areas of the catalysts were determined by Brunauer−Emmett− Teller (BET) method with N 2 adsorption at ∼100 K. The dispersion of metals was determined by the adsorption of H 2 at room temperature. Characteristic data for the catalyts are listed in Table 1 .
Photocatalytic reaction was followed in the same way as described in our previous paper. 16, 23 The photoreactor (volume, 970 mL) consists of two concentric Pyrex glass tubes fitted one into the other and a centrally positioned lamp. It is connected to a gas-mixing unit serving for the adjustment of the composition of the gas or vapor mixtures to be photolyzed in situ. We used a 15 W germicide lamp (type GCL 307T5L/CELL, Lighttech Ltd.), which emits predominantly in the wavelength range of 250−440 nm; its maximum intensity is at 254 nm. For the visible photocatalytic experiments another type of lamp was used (Lighttech GCL 307T5L/GOLD) with 400−640 nm wavelength range and two maximum intensities at 453 and 545 nm. The approximate light intensity at the catalyst films are 3.9 mW/cm 2 for the germicide lamp and 2.1 mW/cm 2 for the other lamp. MF (∼5.0%, 1080 μmol) was introduced in the reactor through an externally heated tube avoiding condensation. The carrier gas was Ar. The gas mixture was circulated by a pump. The reaction products were analyzed with a HP 5890 gas chromatograph equipped with PORAPAK Q and PORAPAK S packed columns. The sampling loop of the GC was 500 μL. The amounts of all products were related to this loop. in MF vapor at 300 K resulted in a slow attenuation of these spectral features. We obtained similar spectra for Rh/TiO 2 catalysts with a slight deviation in the positions of absorption bands. The basic difference was that after 120 min of illumination CO bands appeared at 2085 and 2020 cm −1 , the intensity of which further increased with the time of illumination. IR spectra are displayed in Figure 1 .
IR spectroscopic measurements were also performed at 186− 190 K. In this case MF was adsorbed on the samples at 186− 190 K for 30 min and then degassed for 15 min. Spectra obtained on various catalysts are shown in Figure 2 . Adsorption of MF on reduced TiO 2 at 186 K produced strong absorption bands at 2961, 2924, 2850, and 2824 cm −1 in the CH stretching region. Strong bands appeared at 1684 and 1269 cm −1 and weaker ones at 1579, 1456, 1437 1382, (1362), and 1177 cm −1 in the low-frequency range. A continuous illumination of the adsorbed layer at 186 K caused only slight spectral changes in the high-frequency range, but resulted in a dramatic alteration in the low-frequency region. The dominant peaks at 1684 and 1269 cm −1 attenuated even after short illumination, and at the same time absorption bands at 1579 and 1362 cm −1 strengthened. After 10 min of illumination they became the strongest spectral features. We obtained a similar picture on TiO 2 promoted by Pt metals with the difference that CO bands between 2000 and 2100 cm −1 also appeared on the IR spectra. In Figure 3A changes in intensities of the absorption bands at 1671 and 1560 cm −1 measured on Rh/TiO 2 are plotted. The assignment of absorption bands observed on TiO 2 and Rh/ TiO 2 are presented in Table 2 .
In order to eliminate the role of TiO 2 IR spectroscopic measurements were carried out with Rh/SiO 2 . In this case the adsorption of MF gave an intense band at 1730 cm
. On the effect of illumination a slow decay was observed in its intensity without the development of any other absorption features. We obtained similar results on pure SiO 2 .
3.2. Photocatalytic Measurements. Photocatalytic studies were performed at 300 K. The main products of the photolysis of MF on reduced TiO 2 are CH 3 OH, H 2 , CO, and CO 2 ( Figure 3B ). The conversion attained in 180 min of illumination was about 9%. Deposition of Pt metals on TiO 2 increased the conversion of MF and changed the products distribution: H 2 , CO, and CO 2 became the main products (Figure 4) . The amount of H 2 and CO formed on various catalysts in 210 min are given in Table 3 . The activity order of metals was as follows: Pt > RhPd > Ir > Ru. In order to decrease the amount of CO produced in the photoreaction we added H 2 O to MF. Results are presented in Figure 5 conversion of MF and decreased the CO/H 2 ratio by a factor of 4.
In the following part of the experiments we examined the photoinduced decomposition of MF applying N-doped TiO 2 , which was prepared by the method of Xu et al. 28 Some results obtained on Pt/TiO 2 and Pd/TiO 2 are presented in Figure 6 . Although these samples exhibited much less photoactivity than those described above, doping TiO 2 with N appreciably increased the extent of photocatalytic decomposition of MF both on the Pt/TiO 2 and Pd/TiO 2 in UV light. The incorporation of N into TiO 2 somewhat decreased the CO/ H 2 ratio on both catalysts. An enhanced photocatalytic decomposition was also experienced in visible light, too. This is illustrated by the results of Figure 7 . detected after adsorption of MF on Rh/SiO 2 at 300 K corresponds well to the characteristic spectral feature of Hbonded MF. Different IR spectra were obtained on TiO 2 (Figure 2A) 
Adsorbed CH 3 is characterized by a strong band at 2920 cm −1 . 35 Because no such band appeared in the IR spectra of irradiated adsorbed MF, we assume that the CH 3 formed in the primary dissociation process is combined with the surface O of TiO 2 leading to CH 3 O species.
The formation of CH 3 O is supported by the appearance of the bands at 2824−2827 cm
. Continuous illumination of adsorbed MF on TiO 2 at 186 K caused a dramatic spectral change in the low-frequency range: the 1684 cm −1 band due to molecularly bonded MF gradually attenuated, while the bands belonging to formate species are strengthened. The presence of Pt metals slightly promotes this process. In addition, absorption bands due to adsorbed CO appeared on the IR spectra of all metal-containing TiO 2 catalysts after extended illumination, indicating the decomposition of adsorbed compounds at the metal/TiO 2 interface. It is remarkable that while in the low-frequency range, dramatic spectral changes occurred as a result of illumination; very little alteration was observed in the high-frequency range.
It is an open question whether MF or formate species exist on metal surfaces. The fact that the adsorption of MF on SiO 2 and Rh/SiO 2 produced only the vibration of weakly adsorbed MF suggests that adsorbed species detected are located on the TiO 2 surface. The formation of CO bands, however, indicates that the metals can induce the decomposition of adsorbed species very likely at the metal/TiO 2 interface. 4.2. Photocatalytic Decomposition. Results presented suggest that we can count with the occurrence of the following reactions:
The slow rate determining step is very likely the rupture of C− H bond in the formate species, as was proposed for the photoinduced reaction of formic acid. 16, 17 The effect of the illumination is attributed to the donation of a photoelectron formed in the photoexcitation process:
to the formate species 
This step is followed by the decomposition of formate ion to CO 2 and hydrogen:
The presence of CO in the products suggests the occurrence of another reaction, too
As was illustrated by the results displayed in Figure 4 , the deposition of Pt metals on TiO 2 accelerated the rate of the photocatalytic decomposition of MF, resulting in the formation of H 2 , CO 2 , and CO. Adding water to MF changed the product distribution: more H 2 and less CO were generated. This feature also appeared in a considerable decrease in the CO/H 2 ratio ( Figure 5 ). The effect of water can be explained by the occurrence of the water-gas shift reaction, which is wellcatalyzed by Pt metals.
The promoting effect of metal deposition on TiO 2 has been observed in a number of photoreactions. 13, 14 This effect was explained by a better separation of charge carriers induced by illumination and by improved electronic communication between metal particles and TiO 2 . We believe that the electronic interaction between the metal and n-type TiO 2 also plays an important role in the enhanced photoactivity of M/TiO 2 . Because the work function of TiO 2 (∼4.6 eV) is less than that of Pt metals (4.98−5.7 eV), electron transfer may occur from TiO 2 to metals. Metal particles may undergo charge equilibration with TiO 2 and shift the Fermi level of the M/TiO 2 to more negative potentials. The role of such electronic interaction in the activity of TiO 2 -supported metals was first established in the case of the decomposition of formic acid on Ni/TiO 2 , when TiO 2 was first used as a support. 36 Variation of the work function of TiO 2 doping with altervalent cations influenced the activation energy of the decomposition of formic acid. We assume that the illumination enhances the extent of electron transfer from TiO 2 to metals at the interface of the two solids, leading to an increased rate of photocatalytic reaction. The Schottky barrier at the metal and TiO 2 interface can also function as an efficient barrier preventing electron−hole recombination. 37, 38 In the case of gold catalyst Li et al. 39 pointed out that smaller metal particles induce a more negative Fermi level shift than the larger particles. In the case of the photocatalytic decomposition of formic acid the most active metals possessed the largest work function. 16 On the basis of the conversion data this correlation is valid in the present case, too. Only the low activity of Ir/TiO 2 deviates from this relation. In an attempt to find any correlation between the activity and the size of metal particles one should take into account that CO formed in a reaction can alter the size of metal nanoparticles. As was revealed first by IR spectroscopy 40 and confirmed by scanning tunneling spectroscopy (STM), 41 adsorption of CO can induce structural changes of metal particles. Depending on the reaction temperature, this could be the oxidative disruption or reductive agglomerization of nanoparticles.
It is important to mention that the narrowing of the bandgap of TiO 2 by N incorporation enhanced the activity of M/TiO 2 in the photocatalytic decomposition of methyl formate. This can be also attributed to the prevention of electron−hole recombination. The positive influence of narrowing the bandgap of TiO 2 also appeared in the results obtained in visible light (Figures 6 and 7) .
We may compare the photocatalytic decomposition of MF with that of formic acid. There are several features of the photodecomposition of MF which differ from those of formic acid carried out on the same catalysts and under the same experimental conditions. 16 One of them is the considerable amount of CO formed in the photodecomposition of MF. This may mean that the "CH 3 " group of MF influences the chemistry of the photoreaction of MF on the catalysts used. We may assume that parallel with the photodecomposition of formate, CH 3 O species formed in the primary process (eqs 2 and 3) also decomposes on the effect of illumination, yielding mainly CO (eqs 7 and 12). This process is also enhanced by the illumination through the formation of negatively charged CH 3 O.
We cannot exclude the possibility that photoelectrons activate the molecularly adsorbed MF and induce its decomposition, yielding H 2 , CO, and CO 2 + Θ = 
Another difference is that the photodecomposition of MF on the same M/TiO 2 catalyst is much slower than that of formic acid. A possible reason of this feature is that a fraction of CO is attached to the metals resulting in lowering their promoting effect. Experiments carried out with Rh/TiO 2 saturated with CO confirm this explanation, as it considerably slowed down the photoreaction of MF.
CONCLUSION
(i) Illumination of adsorbed MF on pure and Pt metalscontaining TiO 2 leads to the dissociation of molecularly adsorbed MF into formate species even at 186 K.
(ii) Pt metals deposited on TiO 2 enhance the rate and the extent of the photocatalytic decomposition of MF, yielding H 2 , CO, and CO 2 .
(iii) Adding H 2 O to MF decreases the amount of CO formed.
(iv) Lowering the bandgap of TiO 2 by N-doping appreciably increased the photocatalytic activity of metal/TiO 2 catalysts, and the decomposition of methyl formate was observed even in visible light.
